L-arginine is metabolized to nitric oxide (NO) by NO synthase (NOS), or to urea and L-ornithine by arginase. L-ornithine contributes to vascular remodeling in pulmonary hypertension via metabolism to polyamines and proline. Previously we found that cytokines upregulate both NOS and arginase in pulmonary arterial endothelial cells. We hypothesized that cytokine-induced arginase I and II expression depend on epidermal growth factor (EGF) receptor (EGFR) activity. Bovine pulmonary arterial endothelial cells were treated with lipopolysaccharide and tumor necrosis factor-␣ (L/T). L/T treatment resulted in a substantial increase in urea production, and this increase in urea production was potently inhibited by both genistein and AG1478, inhibitors of EGFR. Levels of arginase I protein and arginase II mRNA were increased in response to L/T treatment, and genistein prevented the L/T-induced elevations in both arginase I protein and arginase II mRNA levels. L/T treatment increased production of nitrites and inducible NOS mRNA accumulation, and genistein and AG1478 had little effect on these changes. EGF (50 ng/ml) treatment resulted in enhanced urea production. Finally, a 170-kD protein was phosphorylated upon treatment with either EGF or L/T. Our results indicate that arginase induction by L/T depends in part on EGFR activity. We speculate that EGFR inhibitors may attenuate vascular remodeling without affecting NO release, and thus may represent novel therapeutic modalities for pulmonary hypertensive disorders.
. Thus, it has been postulated that in inflammatory diseases, such as acute respiratory distress syndrome (ARDS), NO production from L-arg is involved in the initial host response, whereas L-orn production from L-arg is involved in healing (8, 14, 15) . However, polyamines and proline produced by L-orn metabolism may also be involved in lung fibrosis and vascular remodeling in chronic inflammatory lung diseases such as chronic obstructive pulmonary disease (COPD) and bronchopulmonary dysplasia (BPD).
Because arginase I and/or arginase II have important roles in tissue repair and remodeling, and NO production by NOS may decrease vascular smooth muscle proliferation, then arginase and NOS may have opposing effects on tissue repair and vascular remodeling. This led us to the question: Is arginase upregulated by a signal transduction module that does not affect NOS? Growth factor receptors have been shown to play a critical role in cell proliferation and tissue repair (16, 17) . Because epidermal growth factor (EGF) receptor (EGFR) is expressed in endothelial cells (18) and involved in many cellular functions, including angiogenesis (19, 20) , we hypothesized that treatment of pulmonary arterial endothelial cells (PAEC) with lipopolysaccharide and tumor necrosis factor-␣ (L/T) would result in EGFR-dependent arginase upregulation without affecting NOS. In the present article, we studied the role of EGFR in the regulation of L/T-mediated induction of both arginase and NOS in bovine PAEC (bPAEC) using assays of urea and nitrites, as well as immunoblotting and RT-PCR techniques. Our studies indicate that arginase I and II induction by inflammatory stimuli depends on EGFR activity, whereas NOS induction by inflammatory stimuli does not depend on EGFR.
MATERIALS AND METHODS

PAEC Culture
bPAEC were obtained from Clonetics (San Diego, CA), and were cultured in endothelial growth media (EGM; Clonetics), which contains ‫ف‬ 250 M L-arg and 10% fetal bovine serum, as previously described (2, 6) . bPAEC between passages 3 and 8 were used for these studies. On the day of study, bPAEC were washed three times with 4 ml of HEPES Balanced Salt Solution (HBSS; Clonetics). Then 5 ml of EGM was placed on the bPAEC (control) and the bPAEC were returned to the incubator at 37 ЊC in 5% CO 2 , balance air for 24 h. In the L/Ttreated bPAEC, 1.5 g/ml LPS (from Escherichia coli serotype 0127:B8; Sigma Chemical, St. Louis, MO) and 1.5 ng/ml TNF-␣ (Sigma) was included in the EGM as previously described (2, 6) . To examine the role of EGFR L/T bPAEC were treated with 10 M genistein (Sigma), or 30 nM AG1478 (Calbiochem, San Diego, CA); the genistein or AG1478 were added to the bPAEC at the same time as the L/T was added. The dose of AG1478 was based on previous studies from our laboratory (21) . After 24 h, the media was harvested and stored in 1-ml aliquots, frozen at Ϫ70 ЊC.
bPAEC Protein Isolation
Protein was isolated from the bPAEC as previously described (2, 6) . Briefly, bPAEC were washed twice with ice-cold HBSS and harvested in 750 l ml of lysis buffer (0.2M NaOH, 0.2% SDS with the following added to each ml 30 min before use: 2 g aprotinin, 5 g leupeptin, 0.7 g pepstatin A, and 174 g phenylmethylsulfonyl fluoride). The bPAEC were scraped and 100-l aliquots were stored at Ϫ70 ЊC for subsequent Western blot analysis. Total protein concentration was determined by the Bradford method (BioRad, Hercules, CA).
bPAEC RNA Isolation
Total RNA was isolated from the bPAEC using Trizol as previously described (2, 6) .
Urea Assay
The samples of medium were assayed in duplicate for urea concentration colorimeterically as previously described (2, 6) . 
Nitrite Assay
The samples of medium were assayed in duplicate for NO Ϫ 2 using a chemiluminescence NO analyzer (Model 270B; Sievers Instruments, Boulder, CO) as previously described (2, 6) .
Immunoblotting
The lysed bPAEC were assayed for arginase I protein using Western blot analysis as previously described (2, 6, 22) . Aliquots of cell lysate were diluted 1:1 with SDS sample buffer, heated to 80 ЊC for 15 min, and then centrifuged at 10,000 ϫ g at room temperature for 2 min. Aliquots of the supernatant were used for SDS-PAGE. The proteins were transferred to PVDF membranes, and blocked overnight in PBS with 0.1% Tween (PBS-T) containing 5% skim milk and 3% bovine serum albumin. The membranes were incubated with a primary antibody against arginase I (1:1,000; Transduction Laboratories, San Diego, CA), or phosphotyrosine (4G10; Upstate Biotechnology, Lake Placid, NY) for 4 h and subsequently washed three times with PBS-T with 1% skim milk. The membranes were then incubated with the biotinylated IgG secondary antibody (1:5,000; Vector Laboratories, Burlingame, CA) for 1 h, washed, and then incubated with streptavidin-horseradish peroxidase conjugate (1:1,500; BioRad) for 30 min. The bands for arginase I, phospho-eNOS, or phosphotyrosine were visualized using chemiluminescence (Amersham ECL, Piscataway, NJ) and quantified using densitometry (Sigma Gel; Jandel Scientific, San Rafael, CA). To control for protein loading, the blots were stripped and reprobed for ␤-actin using a monoclonal antibody (1:10,000; Abcam, Cambridge, MA).
RT-PCR
RT-PCR for iNOS and arginase II was performed as previously described (2, 6) . Briefly, 2 g of total RNA were reverse-transcribed in a 40-l reaction containing 2.5 M dT 16 (Applied Biosystems, Foster City, CA), 20 U AMV-RT, 1 mM dNTP, 1ϫ Buffer (Promega, Madison, WI) and balance RNase-free water. The samples were incubated in a PCR-iCycler (BioRad) at 42 ЊC for 60 min, 95 ЊC for 5 min, and stored at Ϫ20 ЊC. PCR reactions (total volume 50 l) contained 5 l of RT product, 1 mM MgCl 2 , 1.25 U AmpliTaqGold (Applied Biosystems), 0.2 mM dNTP (Promega), 0.3 M forward (5Ј-TTGGTGTGATCTGGG TTGATGC-3Ј) and reverse (5Ј-TGCCTTCTCGATAGGTCAGTCC-3Ј) primers for arginase II, or 0.3 M of forward (5Ј-TGGACTTGGCTA CGGAACTGG-3Ј) and reverse (5Ј-TTCTGGTGAAGCGTGTCTT GG-3Ј) primers for iNOS were added to each sample. The mixed samples were heated to 94 ЊC for 4 min, and then cycled as follows: 94 ЊC for 1 min, 53 ЊC for 1 min, and 72 ЊC for 2 min for 35 cycles for arginase II and 38 cycles for iNOS. The PCR products were visualized and sized by 2.0% agarose gel electrophoresis and post-stained with Syber Gold (Molecular Probes, Eugene, OR) for 30 min. The gels were scanned Normalized density for AII bands from L/T-treated bPAEC demonstrate a time-dependent increase in expression starting at ‫ف‬ 2 h, with a sustained peak between 6 and 24 h. The data were fit with an exponential of the form y ϭ a(1 Ϫ e Ϫbt ), which demonstrated a significant relationship with AII density and time in the L/T-treated bPAEC, r ϭ 0.98, P Ͻ 0.001, with a time constant of ‫ف‬ 2.5 h. On the other hand, there was no significant relationship with AII density and time in the control bPAEC, r ϭ 0.63, P ϭ 0.17. A straight line was also fit to the control data, which also demonstrated no correlation between AII density in control bPAEC and time (y ϭ 0.002x ϩ 0.12, r ϭ 0.62, P ϭ 0.19). n ϭ 3 for each time-point, * different from 0.5 h time-point in same group, P Ͻ 0.01. # L/T different from control at same time-point, P Ͻ 0.05. and densitized using a MultiGenius Bio Imaging System (Syngene, Frederick, MD), and band density analysis was performed on a PC computer with SigmaGel (Jandel Scientific) software. The PCR product sizes were the expected 422 bp and 356 bp for arginase II and iNOS, respectively. Preliminary PCR reactions run at various total cycle numbers between 20 and 45 demonstrated that 35 and 38 total cycles were well within the linear range for each reaction product.
Statistical Analysis
Values are mean Ϯ SE. One-way ANOVA was used to compare the effect of treatment on either production of nitrites or urea, and to compare the densitometry data between groups. Significant differences were identified using a Neuman-Keuls post hoc test. Differences were considered significant when P Ͻ 0.05.
RESULTS
Attenuation of L/T-Induced Urea Production by EGFR Inhibitors
We have previously shown that L/T treatment of bPAEC increased both NO and urea production (2, 6) . To decipher the signaling pathways involved in this regulation, we examined the effects of EGFR inhibition on L/T-induced NO or urea production in bPAEC. bPAEC were washed three times and then 5 ml of either EGM (n ϭ 10), EGM containing L/T (n ϭ 11), or EGM containing L/T and 10 M genistein (n ϭ 11) was placed on the bPAEC. After 24 h the medium was removed and protein was isolated. The samples of medium were assayed for urea and NO Ϫ 2 production. Consistent with our previous results (2, 6), L/T treatment resulted in greater production of urea than in control bPAEC, and genistein (10 M) completely prevented the L/Tinduced increase in urea production in bPAEC ( Figure 1A ). L/T treatment also resulted in greater NO Ϫ 2 production than in control bPAEC, and interestingly genistein (10 M) had little effect on the L/T-induced increase in NO Ϫ 2 production in bPAEC (Figure 1B) . In a second set of similar experiments, 30 nM AG1478 (n ϭ 6 in each of the three groups), a highly selective inhibitor of EGFR, was substituted for genistein. AG1478 completely inhibited L/T-induced urea production ( Figure 1C ), but had little effect on L/T-induced production of nitrites ( Figure 1D ). These results suggest that EGFR kinase is involved in L/T-induced arginase upregulation but does not play a substantial role in L/T-induced NOS upregulation.
EGFR Inhibitors Attenuate L/T-Induced Arginase Expression
We have previously shown that L/T treatment increases arginase I protein levels and arginase II mRNA levels in bPAEC (6) . To determine the role of EGFR in arginase I protein induction by L/T, bPAEC were grown in either EGM (n ϭ 6), EGM containing L/T (n ϭ 6), or EGM containing L/T and 10 M genistein (n ϭ 6) for 24 h. The protein lysates were analyzed for arginase I protein levels by immunoblotting as described above. Treatment of bPAEC with L/T increased arginase I protein levels by ‫ف‬ 2-fold ( Figure 2) . However, the addition of 10 M genistein almost completely prevented the L/T-induced increase in arginase I protein levels in bPAEC (Figure 2) .
Currently there are no commercially available antibodies directed against bovine arginase II; therefore, we determined changes in arginase II mRNA expression. To examine the time course of L/T-induced changes in arginase II mRNA expression levels, total RNA was harvested from bPAEC 0.5, 1, 2, 4, 6, and 24 h after treatment with vehicle or L/T. Vehicle-treated bPAEC had very low levels of arginase II mRNA at all time-points tested ( Figure 3) . Conversely, L/T-treatment resulted in a rapid and sustained elevation in arginase II mRNA levels, which reached peak levels at 4 h, and these peak levels were maintained throughout the 24-h experimental period (Figure 3) . To examine the effect of EGFR inhibitors on arginase II mRNA levels, total RNA was harvested from bPAEC after 24 h and arginase II mRNA levels were determined by RT-PCR. Control bPAEC had detectable arginase II mRNA, and treatment with L/T resulted in an increase in arginase II mRNA levels ( Figure 4) . Similar to the effect of genistein on arginase I protein levels, treatment with 10 M genistein essentially prevented the L/Tinduced increase in arginase II mRNA expression at 6 and 24 h after treatment (Figure 4) . Treatment with AG1478 also prevented the L/T-induced increase in arginase II mRNA levels ( Figure 4C ).
EGFR Inhibitors Have Little Effect on L/T-Induced NOS Expression
We have previously shown that L/T treatment increases eNOS and iNOS expression in bPAEC (2) . To examine the time course of L/T-induced changes in iNOS mRNA expression levels, total RNA was harvested from bPAEC 0.5, 1, 2, 4, 6, and 24 h after treatment with vehicle or L/T. Vehicle-treated bPAEC had very low levels of iNOS mRNA at all time-points tested ( Figure 5) . Conversely, L/T-treatment resulted in a rapid elevation in iNOS mRNA levels, which reached peak levels at 4 and 6 h, and the iNOS mRNA levels decreased by 24 h (Figure 5 ). In a similar series of experiments after 24 h bPAEC were harvested for total RNA, and iNOS mRNA levels were determined by RT-PCR (n ϭ 3 in each group). Basal levels of iNOS mRNA were very low. However, L/T treatment resulted in a substantial increase in iNOS mRNA levels. Treatment with genistein moderately inhibited the L/T-induced upregulation of iNOS mRNA ( Figure 6A ), suggesting that EGFR activity may contribute to iNOS induction in bPAEC. However, the levels of iNOS mRNA in the L/T ϩ genistein-treated bPAEC were significantly greater than in controls and did not differ statistically from the iNOS mRNA levels in the L/T-treated bPAEC ( Figure 6B ). Treatment with AG1478 also resulted in a moderate attenuation of the L/T-induced upregulation of iNOS mRNA levels ( Figure 6C ).
Direct Effects of EGFR Activation on Urea and NO 2 Ϫ Production
To determine if EGFR activation by EGF would result in increased urea production, the following experiment was done. bPAEC were grown in either EGM (n ϭ 9), EGM containing L/T (n ϭ 8) as a positive control, or EGM containing 50 ng/ml EGF (n ϭ 8). After 24 h the medium was harvested for determination of nitrites and urea, and the protein was harvested as described above. Treating bPAEC with EGF (50 ng/ml) resulted in a substantial increase in urea production. In fact, the urea production due to EGF treatment was similar to that after L/T treatment ( Figure 7A ). Although we found that L/T treatment increased production of nitrites, the production of In the L/T-treated bPAEC there is the appearance of an easily detected band which peaks at 4-6 h, and band intensity decreases but remains significantly greater than controls at 24 h. (B ) Normalized density for iNOS bands from L/T-treated bPAEC demonstrate a time-dependent increase in expression starting at ‫ف‬ 2 h, with a peak between 4 and 6 h. The band intensity decreases by 24 h but remains well above levels seen in the control bPAEC (n ϭ 3-5 for each time-point). * Different from 0.5 h time-point in same group, P Ͻ 0.01. ϩ different from previous time in same group, P Ͻ 0.05.
nitrites by bPAEC treated with EGF was not different from the production of nitrites by control bPAEC ( Figure 7B ).
Stimulation of EGFR Tyrosine Phosphorylation by L/T
We tested a panel of antibodies (EGFR sc-03, p-EGFR sc-23420-R, sc-23421-R, and sc21429-R [Santa Cruz Biotechnology; EGFR catalog #610016, BD Biosciences; and EGFR catalog #05-104, Upstate]) recognizing either total or phosphorylated human EGFR in HeLa cells (data not shown), but none of them reacted with bPAEC EGFR. Thus, to examine whether L/T treatment enhances EGFR activation, bPAEC were serum starved overnight by reducing the fetal bovine serum to 0.5%, then treated with EGF (50 ng/ml) for 5, 15, 30, 60, or 1,440 min. The protein lysates from these bPAEC were subjected to immunoblotting for protein tyrosine phosphorylation using an antibody against phosphotyrosine (4G10; Upstate Laboratories, Charlottesville, VA). In control bPAEC, tyrosine phosphorylation of a protein in the 170-kD range was almost undetectable. However, upon EGF-stimulation a protein of ‫ف‬ 170 kD became tyrosine-phosphorylated within 15 min, and the tyrosine phosphorylation was sustained ( Figure 8A ). This finding is consistent with phosphorylation of EGFR in these bPAEC after EGF treatment. In a similar set of experiments, bPAEC were serum starved overnight and then treated with L/T for 5, 15, 30, 60, or 1,440 min. The protein was harvested and immunoblotting with 4G10 was performed. After 15 min there was phosphorylation of a 170-kD band, and by 60 min the phosphorylation of this 170-kD band began to wane ( Figure 8B ). Importantly, tyrosine phosphorylation of this 170-kD protein was blocked by genistein and AG1478. bPAEC were treated as above with 50 ng/ml EGF after serum starvation; some bPAEC had 10 M genistein added to the medium and some bPAEC had 30 nM AG1478 added to the medium. After 60 min, protein was harvested for immunoblotting with 4G10. Figure 8C demonstrates that EGFinduced tyrosine phosphorylation of the 170-kD protein was prevented by both genistein and AG1478. Taken together, these experiments strongly suggest that EGFR plays an important role in mediating L/T-induced upregulation of urea production in bPAEC.
DISCUSSION
The main findings of this study in bPAEC were that: (1 ) pharmacologic inhibition of EGFR prevented the L/T-induced increase in urea, but not NO, production; (2 ) pharmacologic inhibition of EGFR prevented the L/T-induced increase in both arginase I protein and arginase II mRNA levels; (3 ) pharmacologic inhibition of EGFR did not prevent the L/T-induced increase in iNOS mRNA levels; (4 ) addition of EGF to the culture medium increased production of urea, but not of NO; and (5 ) addition of either EGF or L/T resulted in the phosphorylation of a 170-kD protein, which was prevented by pharmacologic inhibition of EGFR. Taken together, these results demonstrate that EGFR activation by L/T in bPAEC results in upregulation of arginase without having a major affect on iNOS. These findings support our hypothesis that EGFR represents a proximal signal transduction module that differentially affects arginase and iNOS expression and/or activation in response to cytokines in endothelial cells.
We utilized genistein and AG1478 to pharmacologically inhibit EGFR activity. Genistein, an isoflavone, was first described in 1987 as an EGFR tyrosine kinase inhibitor, which prevented EGF-stimulated phosphotyrosine levels in A431 cells (23) . In a bronchial epithelial cell line, genistein inhibited EGFR phosphorylation caused by either EGF or H 2 O 2 stimulation (24). AG1478 is a tyrophostin, which was described in 1989 as a potent and selective EGFR protein kinase inhibitor (25) . AG1478 has been shown to prevent EGF-induced EGFR phosphorylation and growth arrest in vascular smooth muscle cells (26) . We found that treatment of cultured endothelial cells with the EGFR inhibitors genistein and AG1478, led to alterations in L/Tinduced protein expression, strongly suggesting that EGFR is involved in L/T-triggered signal transduction in bPAEC. We attempted to directly examine EGFR protein expression and alterations in EGFR phosphorylation in bPAEC. However, currently there is no commercially available antibody against bovine EGFR. Although both genistein and AG1478 may have nonspecific effects, the fact that both genistein and AG1478 inhibited EGF-induced phosphorylation of a 170-kD protein and blocked L/T-induced urea production and arginase II mRNA expression strongly support an inhibitory effect on EGFR in these bPAEC.
There is a great deal of information on the role of EGFR in tumor growth and vascularization associated with tumor growth. Nonetheless, there is relatively little information on the function of EGFR in endothelial cells. In human umbilical vein endothelial cells (HUVEC), it has been shown that H 2 O 2 or EGF treatment results in EGFR phosphorylation and subsequent c-Jun N-terminal kinase (JNK) activation (18) . Similarly, it has been reported that in human dermal microvascular endothelial cells EGF treatment results in EGFR phosphorylation (20) , which is associated with cytoskeletal alterations and cell migration. Furthermore, Fujiyama and coworkers (19) have demonstrated that angiotensin II stimulation of rat cardiac microvascular endothelial cells results in EGFR phosphorylation and increases expression of proteins involved in angiogenesis. Thus, although we were unable to directly demonstrate EGFR phosphorylation in our bovine cell culture system, our results with genistein, AG1478, and EGF, taken in context with data from the literature, support a role for EGFR in the upregulation of urea production in bPAEC. Our findings suggest that EGFR does not appear to play a major role in mediating NOS regulation in bPAEC. First, pharmacologic inhibition of EGFR had relatively little effect on L/T-induced NO production or iNOS expression. Second, the addition of EGF to the culture medium did not result in alterations in NO production.
The biological significance of increased urea production in the L/T-treated bPAEC remains unclear. We speculate that arginase could represent a molecular mechanism that cells use to attenuate NO production and dampen inflammatory responses (27, 28) . That is, by upregulating arginase, cells would limit the availability of L-arg to NOS and thereby decrease NO production. Consistent with this concept are previous studies in which inhibiting arginase activity led to enhanced NO production (4, 6) . Furthermore, increased arginase activity may favor the formation of polyamines and/or L-proline from L-orn, which are important in tissue repair after injury (7, 11) . For example, in murine macrophages and mice it has been found that Th2 cytokines are potent inducers of arginase, whereas Th1 cytokines are potent inducers of iNOS (5, 12, 29) . Given the key role of arginase in polyamine and proline synthesis, the induction of arginase independent of the induction of NOS may be vital to allow for cellular proliferation (8) . Supporting this concept, Ignarro and colleagues (13) recently reported that treatment of vascular smooth muscle cells with NO donors decreased cellular All bPAEC were treated with 50 ng/ml EGF after serum starvation overnight; some bPAEC had 10 M genistein added to the medium, and some had 30 nM AG1478 added to the medium. After 60 min, protein was harvested for immunoblotting for phosphotyrosine. The first two lanes are from EGF-treated bPAEC, the next two lanes are from EGF ϩ genistein-treated bPAEC, and the final two lanes are from EGF ϩ AG1478-treated bPAEC.
proliferation, whereas overexpression of arginase I in these cells enhanced cellular proliferation. Furthermore, it has been shown recently in human endothelial cells that EGFR activation was necessary for cellular proliferation (20) , and inhibiting arginase decreased cellular proliferation (30) . Thus, the upregulation of arginase may be an important mechanism to prevent damage associated with excessive NO production and augment tissue repair in cytokine-associated lung diseases such as ARDS.
On the other hand, cellular proliferation may lead to vascular remodeling and/or lung fibrosis. There is evidence that EGFR has a central role in the signaling cascade involved in lung fibrosis. For example, treatment with AG1478 prevented both vanadium pentoxide-induced lung fibrosis in rats (31) and lung remodeling in an ovalbumin model of asthma in mice (32) . Similarly, an increase in arginase activity may have negative consequences in diseases characterized by pulmonary hypertension. Arginase may limit endothelial NO production and increase vascular cell proliferation, thus contributing to vascular constriction and vascular remodeling. This is supported by the findings that vascular smooth muscle cells transfected with arginase I exhibit enhanced proliferation (13) . Moreover, endothelial cells from humans with primary pulmonary hypertension were found to express higher levels of arginase protein and to produce less NO than in cells from normal control subjects, despite similar levels of eNOS protein (33) . In this regard, inhibiting signal transduction pathways leading to arginase without affecting NOS levels may be beneficial for patients with pulmonary hypertension. We postulate that pharmacologic inhibition of EGFR may represent a viable therapeutic strategy in diseases characterized by fibrosis or pulmonary hypertension.
